Lead zirconate titanate ͑PZT͒/epoxy 1-3 piezocomposite rings were fabricated with PZT volume fractions ranging from 0.82 to 0.94 and with a small epoxy width of 77 m in order to investigate their resonance characteristics and to reveal the mode coupling. Four major resonance modes were observed, namely the coupled longitudinal-thickness f H and lateral f L1 and f L2 mode resonances of individual PZT elements inside the rings as well as the radial f R and wall-thickness f W mode resonances of the whole rings. No stopband resonances were observed in the frequency range of 1 to 10 MHz. f H was found to increase linearly with the decrease in element height while f L1 and f L2 remained constant. When the height and width of the elements became comparable, coupling of f H with f L1 and f L2 occurred. The observed f H , f L1 , and f L2 for all samples agreed with those calculated by the mode-coupling theory. f R and f W were almost independent of the ring thickness but increased as increased. A guide of operating f H in the rings without causing mode coupling was presented to optimize the composite structure for transducer design.
I. INTRODUCTION
1-3 piezocomposites, consisting of one dimensionally connected piezoceramic elements embedded in a three dimensionally connected passive polymer matrix, have been an important breakthrough in overcoming the drawbacks of piezoceramics for hydrophones in underwater sonar with operating frequencies below 40 kHz as well as for pulse-echo transducers and undiced transducer arrays in medical ultrasonic imaging functioning in the megahertz frequency range. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The underwater applications require high hydrophone receiving sensitivity, which is achieved by eliminating the response from an incident acoustic pressure applied to the edges of the hydrophone due to a buckling effect and by acoustically matching the impedance between the hydrophone and water. The most important consideration in medical ultrasound is to optimally match the acoustic impedance of the transducer to that of the human tissue in order to achieve high sensitivity, wide bandwidth, and low lateral mode interference. In both cases, disk or plate-shaped composites with relatively low volume fractions of ceramic well below 0.8 are typically used at frequencies near their thickness resonances. Accordingly, the resonance characteristics of these composites have been studied, 5, [7] [8] [9] [10] and a good understanding of mode coupling has been established.
For solid-state driving or actuation purposes, however, little information is available on using 1-3 type piezocomposites where high volume fraction of ceramic ͑Ͼ0.8͒ should be adopted. Ring-shaped lead zirconate titanate ͑PZT͒ piezoceramics have been used extensively in various low frequency ͑Ͻ100 kHz͒ ultrasonic devices such as ultrasonic motors, welding transducers, piezoelectric transformers, etc., and their resonance characteristics have been reported elsewhere. 12 For some dedicated applications such as high frequency ultrasonic wire bonding of microelectronic packages, thickness-driven, axial mode transducers operating at a few hundred kilohertz are of prime importance. As PZT ͑typically hard PZT͒ rings used in state-of-the-art transducers have many nonaxial modes at these frequencies, they will couple with the desired axial mode of the transducer and cause significant degradation of its performance. By using 1-3 piezocomposite rings, the mode-coupling problem can be greatly alleviated, and pure axial mode can be attained. [13] [14] [15] [16] [17] Therefore, in this work, we aim at fabricating PZT/epoxy 1-3 piezocomposite rings and determining their resonance characteristics.
II. FABRICATION OF 1-3 PIEZOCOMPOSITE RINGS
The 1-3 piezocomposite rings were fabricated using the dice-and-fill technique. 1, 7, 13 PKI804 PZT rings ͑12.7 mm outer diameter, 5.0 mm inner diameter, and 2.5 mm thickness͒ and Araldite LY5210/HY2954 epoxy were used as the active and passive phases in the 1-3 structure, respectively. Two sets of equally spaced, parallel grooves were cut in the PZT rings in orthogonal directions using a Disco DAD 341 automatic dicing saw equipped with a diamond saw blade of 70 m thickness. However, the grooves did not go right through the ring thickness. Approximately 0.19 mm of PZT was allowed to remain on the base so that the whole ring structure could be retained after cutting. Due to blade vibration, the resulting grooves in the ring were about 77 m wide as measured by a traveling microscope. Thus, by applying a different number of cuts ͑5, 7, 9, 11, 13, and 15 cuts/direction͒ to the PZT rings, piezocomposite rings with different PZT element widths L of 2.03, 1 Author to whom all correspondence should be addressed; electronic mail: apahlcha@polyu.edu.hk 0.89, 0.87, 0.84, and 0.82 were obtained, respectively ͑Fig. 1͒. Due to the fineness of the grooves, filling of epoxy under a vacuum was carried out. The cured composite rings were lapped to grind off the PZT base and to obtain a pair of flat and parallel surfaces. It was found that a thickness of 2.30 Ϯ0.02 mm could generally be obtained after lapping.
III. RESONANCE MODES IN 1-3 PIEZOCOMPOSITE RINGS
Resonance modes of a 1-3 piezocomposite ring can be classified into two main categories as follows.
͑1͒
Characteristic resonances of individual PZT elements inside the ring comprise the first category. ͑a͒ The coupled longitudinal-thickness mode resonance f H , which is essentially determined by the height H of the PZT elements, is the mode of practical interest in ultrasonic transducers as it corresponds to the thickness mode resonance f t of the composite ring. ͑b͒ The coupled lateral mode resonances f L1 and f L2 are mainly determined by the width L of the PZT elements with square cross section. When the composite ring is thick, the PZT elements are tall thin bars, and f H is well separated from f L1 and f L2 . When the elements approach the shape of a cube, coupling of these resonance modes occurs. This modecoupling effect can be predicted using the modecoupling theory, 7,8 which will be described in the next section. ͑2͒ Cooperative resonances of the whole ring comprise the second category. ͑a͒ The radial f R and wall-thickness f W mode resonances are the lateral resonances of the composite ring as a whole and are usually the two low frequency resonance modes in a thin ring. They are essentially determined by the mean diameter and wall-thickness of the ring, respectively. ͑b͒ The stopband resonances f S1 and f S2 result from the periodic structure of the composite and occur at frequencies near where scattering of laterally propagating shear waves in the epoxy matrix from the planes of the regular spaced PZT elements occur. They are related to the lateral periodicity d ͑one epoxy width d P ϩone element width L͒ if composites have low values of ͑Ͻ0.25͒ with large d P . 7, 9, 10 In contrast, they are mainly determined by d P for composites possessing relatively high values of with sufficiently small d P . 9, 10, 18 The composite rings fabricated in the present work belong to the latter case.
IV. THE MODE-COUPLING THEORY
Consider a square parallelepiped with width L in the x and y directions and height H in the z direction. This parallelepiped is essentially equivalent to an individual PZT element inside a 1-3 composite with its z axis taken as the poling axis and with both square surfaces normal to the z axis being entirely electroded. The frequency equation of this parallelepiped can be expressed as
where
and
are the uncoupled lateral and longitudinal-thickness resonance frequencies, respectively; ␥ϭc 12 /c 11 
where GϭL/H is the configuration ratio and Rϭͱc 11 /c 33 is the coupling constant. Equation ͑7͒ has two solutions f ϩ and f Ϫ , which give two frequency branches: upper f ϩ and lower f Ϫ . The coupled longitudinal-thickness f H and upper lateral f L1 resonance frequencies are governed by these two frequency branches in terms of G. Table I shows the material parameters of PKI804 PZT. 13, 19 Hence, the theoretical curves of the uncoupled ͓Eqs. ͑2͒ and ͑3͔͒ and coupled ͓Eqs. ͑5͒ and ͑7͔͒ resonance frequencies at different G can be derived using parameters with superscripts E and D for the short-and open-circuit conditions, respectively. The calculated curves will be compared with experimental results in a later section.
V. THINNING TEST
Thinning test was carried out to study the resonance characteristics of the composite rings. It involves lapping each composite sample to different thicknesses in steps and at each thickness applying a thin silver layer of 5 to 10 m ͑G3691 quick drying silver paint from Agar Scientific Ltd. in U.K.͒ on the two major surfaces to form electrodes and then measuring the electrical impedance spectrum using a HP 4194A impedance analyzer. It should be noted that the measured series resonance frequency was compared with the theoretical predictions calculated using the short-circuit ͑con-stant E͒ parameters. The measured parallel resonance frequency was compared with the theoretical predictions deduced using the open-circuit ͑constant D͒ parameters. f H of the PZT elements is a piezoelectric stiffened mode while the other resonance modes are unstiffened modes. Figure 2 shows the thinning test results of a composite ring with ϭ0.82 and Lϭ0.71 mm. The electrical impedance spectrum of the ring with Hϭ2.30 mm (Gϭ0.31) is plotted in Fig. 2͑a͒ . Guided by the mode-coupling theory, the strongest resonance mode at 0.93 MHz is identified as f H . The mode at about 2.70 MHz is its third harmonic and is labeled as 3 f H since it appears at about three times f H . Even harmonics are not expected to be observed because the applied electric field has opposite polarity on the two faces of the sample. The two lateral modes f L1 and f L2 Fig. 2͑a͒ . Besides, there are several weak resonances above f L1 and f L2 . These may be other lateral modes, which arise from the PZT elements with smaller lateral sizes L such as those elements located near the inner and outer circumferences of the ring as shown in Fig. 1 . Moreover, the two small resonances appeared in the lower frequency band of 75 kHz and 306 kHz are f R and f W of the whole composite ring, respectively. Detailed behavior of these modes will be discussed later. When the sample is subsequently thinned down ͓Figs. 7͑a͔͒. Nevertheless, the mode-coupling theory still can provide a good guide for locating the position of f H , f L1 , and f L2 .
VI. RESULTS AND DISCUSSION

A. Characteristic resonances of individual PZT elements
The observed f H , f L1 , and f L2 for all composite samples at different thicknesses are plotted in Fig. 8 as the short-and open-circuit cases together with the modecoupling theory predictions, and good agreements are obtained. The small offsets from the theoretical curves may be owed to the clamping effect imposed on the PZT elements by the epoxy matrix. At GϾ0.8, significant mode coupling of f H with f L1 and f L2 occurs, so the data exhibit some scattering. According to the predictions, f H will decouple with f L1 and f L2 for GϾ1.5. However, it is not the case in practice because the PZT used in the present study has strong lateral coupling. For ultrasonic wire bonding transducer applications, piezoelectric rings with thicknesses of less than 1 mm are seldom used as they are susceptible to breakage during fabrication. Therefore, f L2 acts as an upper frequency bound for the operation of f H , in practice. As shown in Fig. 10 , the observed f R and f W taken at the series resonance frequency decrease slightly as the ring thickness increases but increase as increases. The dependence of f R and f W on elucidates the existence of different degrees of lateral clamping of the PZT elements by the epoxy matrix at different . If the composite ring thickness becomes comparable to its wall thickness ͑3.85 mm͒, f H will couple with f W . Hence, f W acts as a lower frequency bound, which limits the selection of the thickness of the ring. 
Stopband resonances
The empirical resonance frequency equations proposed by Geng et al. 18 were employed to estimate the two lateral stopband resonances f S1 and f S2 . They are given as follows:
where f S2 can be viewed as a half-wave resonance in the epoxy gap width d P while f S1 can be considered as another half-wave resonance across the diagonal direction &d P , and v S denotes the shear wave velocity in the epoxy.
Using v S ϭ1207 m/s for Araldite LY5210/HY2954 epoxy, 13 f S1 and f S2 were calculated to be 5.54 MHz and 7.84 MHz, respectively. However, an investigation into the electrical impedance spectra for frequencies up to 10 MHz found no observable resonance peaks for all the samples studied. The reasons are probably that the PZT elements are much larger than the epoxy gap width and are spaced so closely that the possible reflection of shear waves is weakened and the resulting standing waves cannot be greatly enhanced in this limited epoxy gap width. 
VII. CONCLUSION
PKI804/Araldite LY5210/HY2954 1-3 piezocomposite rings with varying from 0.82 to 0.94 have been fabricated, and their resonance characteristics have been studied theoretically and experimentally to elucidate the mode-coupling behavior. These composite rings have sufficiently small epoxy width ͑ϳ77 m͒ and can be treated as an effective homogeneous medium in which f S1 and f S2 are not observed. f H has been found to increase linearly with the decrease in element height while f L1 and f L2 remained quite stable. f R and f W have been observed to be independent of ring thickness but increased as increases. In designing a transducer for ultrasonic wire bonding, for example, in addition to optimizing the homogeneity, material properties, and manufacturing cost of the composite rings, one should also avoid other resonance modes being coupled to f H . This in turn requires a ring thickness not too thin in order to keep f H smaller than all lateral modes of the PZT elements (G Ͻ0.8) but not too thick to avoid coupling of f H with f W and f R of the ring. Based on the current findings, an optimal set of composite rings has been obtained and used in the development of various ultrasonic wire bonding transducers with low mode coupling and wide bandwidth. Details are reported in separated articles.
13-16
ACKNOWLEDGMENTS
Financial support from the Innovation and Technology Fund ͑ITF UIM/29͒, the Centre for Smart Materials of The Hong Kong Polytechnic University, and ASM Assembly Automation Ltd. are acknowledged.
